The index of refraction for n -type GaAs is calculated as a function of photon energy by a method which accounts for the contribution of the fundamental absorption edge to the index of refraction. The absorption coefficient for n -type GaAs near the band-gap energy is determined from experimental data; free-carrier absorption is not included in the calculations; however, its contribution to the index of refraction is estimated to have a negligible effect compared to that due to the fundamental edge. Some applications to single-and double-heterojunction (AlGa)As-GaAs laser structures are discussed. The results indicate that occasionally the most important factor contributing to radiation confinement to the optical cavity in laser structures is the index-of-refraction change due to the differences in doping of various regions. Index calculations are made by using absorption data on GaAs at 77 and 300 oK. The difference in the index of refraction of a material with different doping can be pronounced. For example, an index change of 1.3% occurs due to differences in the absorption edge of crystals with dopings n = 2 X 10 16 cm~3 and n = 6.5 X 10 18 cm~3 at an energy of 1.48 eV and T = 77 oK. However, the same crystals had a 0.89% index differential at E = 1.37 eV and T = 300 oK. These calculations agree extremely well with the index-or-refraction differentials determined from radiation pattern characteristics of laser devices.
INTRODUCTION
The optical properties of a semiconductor can be described either in terms of the complex dielectric constant or in terms of the index of refraction n and the extinction coefficient k:
El +u 2 =(n+ik)2.
(1)
The extinction coefficient is related to the absorption coefficient a by
where E is the photon energy of the radiation.
For theoretical considerations the dispersion relation l (Kramers-Kronig relation) can be used to determine the real part of the dielectric constant from the imaginary part or vice versa. Because of the difficulty in obtaining information about the real or imaginary part of the dielectric constant over the energy range 0 < E < 00, direct application of the dispersion relation is difficult. A modified approach 3 to the application of the KramersKronig relation has proved very useful for calculation of the index of refraction of GaAs using absorption data near the fundamental edge and reflectance data from high-energy (greater than 1 eV above the fundamental edge) peaks. Based on the analysis of reflectivity measurements,2 the high-energy peaks in the imaginary part of the dielectric constant can be represented by Dirac o functions whose weighting and placements are determined from the reflectance data.
Stern
3 combines the information about the absorption coefficient for the low-energy region with the information about the imaginary part of the dielectric constant for the high-energy region in order to obtain a simple model of the dispersion of the index of refraction near the fundamental edge.
INDEX OF REFRACTION OF GaAs
The dispersion relation was used to determine the index of refraction of pure GaAs using an exponential band-edge model for the absorption edge 3 of the form 
where E, and Er determine the properties of the exponential and parabolic regions of the absorption edge, respectively. Es is an arbitrary energy separating the region near the edge from the high-energy region, Ec is the nominal band-gap energy, and
so that a(E)=0.3 Sturge's absorption curves 4 for highresistivity GaAs can be represented quite well by the exponential band -edge model of Eqs. (3); therefore, the parameters for Eqs. (3) were obtained from sturge's absorption data. stern's3 calculated values of the index of refraction of pure GaAs at 103 and 298 OK compare quite well with the index measurements done by Marple. s The index of refraction of p-type GaAs at 300 OK was calculated 3 by using numerical values from the absorption curves of Kudman and Seidel. 6 Although these ab- HilF and Hwang 8 performed absorption measurements on n-type GaAs at 77 and 300 oK. Hwang's absorption curves 8 contain an absorption edge which rises rather sharply, followed by a more gradual increase. These curves cover a much wider energy range than those of Hill.
7 The slowly varying portion of Hwang's absorption curves 8 (0: > 1 X 10 4 cm-1 ) duplicates Sturge's data for pure GaAs 4 which represents transition between parabolic bands, and is independent of doping. Using numerical values obtained from Hwang's absorption curves 8 in conjunction with Eq. (3b), the index of refraction for n-type GaAs was calculated at 77 and 300 OK. Equation (3b) is used in the energy range above 1.68 eV for 77 oK curves and above 1.61 eV for 300 OK curves. The parameters of Eq. (3b) are obtained from Ref. 3, since, as mentioned previously, the slowly varying portion of Hwang's absorption curves 8 duplicates Sturge's data. 4 The techniques used in the numerical calculations of the index of refraction using absorption data are briefly discussed in the Appendix.
The index of refraction for n-type GaAs using Hwang's absorption data 8 is shown in Figs. 1 and 2, for 77 and 300 oK, respectively. All the curves show peaks at energies where the absorption coefficients change most rapidly. The peaks for 77 OK are much sharper than the ones for 300 OK, because the absorption curves rise more sharply at 77 OK than at 300 ° K. The higher the doping, the broader the peaks, since the absorption curves are more rounded for heavily doped materials.
The free-carrier contribution to the index of refraction for n-type GaAs (considering an effective mass of 0.072 m) is 3 (4) where N, n, and E are the electron concentration, the index of refraction, and the photon energy, respectively. The contribution to the index of refraction due to interband absorption for n-type GaAs is negligible. 3 Table I shows the index of refraction and the correction due to the free-carrier contribution for crystal No.1 with a 
APPLICATION TO GALLIUM ARSENIDE LASERS
The band gap and the index of refraction of the active region in a semiconductor laser determine the wavelength of the emitted radiation, while the relative differences between the indices of refraction of the optical cavity and the region surrounding the cavity determine the amount of radiation confinement to the optical cavity. There have been numerous improvements in the design of (AlGa)As-GaAs lasers, namely, single-heteroj unction lasers, 9 double-heterojunction lasers, 10 and LOC (large-optical-cavity) lasers where one heterojunction is placed a controlled distance from the p+-p heterojunction with the optical cavity being confined to the active region and n-GaAs.ll The primary effect of the radiation confinement is a reduction of the current at lasing threshold, but another result is the generation of high-order modes in the direction perpendicular to the junction region. 12 The active region of the semiconductor laser lies in the p side of the junction in a homojunction structure and in single-and double-heterojunction structures. 12 Generally, the optical cavity coincides with the active p region; this is especially true for narrow cavities (less than 2-3 Mm). On the other hand, in an LOC laser the optical cavity lies in the p material as well as in the n material. Figure 3 shows different regions of an LOC laser with a corresponding plot of refractive indices.
Three mechanisms which affect the index of refraction in the optical cavity are (i) the absorption changes due to popUlation inversion, 13 (ii) free-carrier densities relating to the plasma effect, 14 and (iii) the shape of the fundamental absorption edge. 3 Population inversion reduces the absorption constant causing a decrease in the index of refraction of the active region. This index change reduces the wave confinement to the active region. [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. On the other hand, the free-carrier contribution increases the index of the active region compared to that of the surrounding regions since the active region has fewer free carriers. The approximate index change due to free carriers for n-GaAs is given by Eq. (4); whereas for p -GaAs it is ~n '" -1. 8 X 10-21 P / nE2, whe re P is the hole concentration.
For some device structures, radiation confinement is chiefly due to the index change that results from differences in the absorption edge of the active region material adj acent to the optical cavity. This is particularly true for LOC lasers where the second heterojunction is replaced by an N>-N homojunction. In this case the change in doping acts as a buffer, confining the radiation to the optical cavity, as opposed to the case where Al is added to the outer region.
Although there have been several absorption measurements on GaAs, 6, 7 none covered the important range between 10 3 and 10 4 cm -1. Therefore, it was not possible to estimate the index change due to the differences in the absorption edge of the material forming the optical cavity and the adj acent regions. However, recent absorption measurements by Hwang B for n-GaAs , covering a wide range of energies both at 77 and 300 OK, made this possible. For example, having the carrier concentration for the Nand N+ regions of the LOC laser structure (F+PNN+) , the index change due to the differences in the absorption edge in the N and N+ regions may be found from Figs. 1 and 2 for 77 and 300 OK, respecti vely. An index change of 0.0469 occurs due to the differences in the absorption edge of crystal No.1 with a carrier concentration N=2xl0 16 cm-3 and crystal No. 13 with a carrier concentration N=6.5xl01B cm-3 at an energy E=1.48 eV and T=77°K. However, for the same crystals the change of the index of refraction is 0.032 at E=1.37 eV and T=300oK. As mentioned previously, the available absorption measurements of p-GaAs do not cover the important range of absorption constants in the higher range 10 3 to 10 4 cm-1 ; however, for finite changes in doping concentrations, the index of refraction change is smaller in p-GaAs than in nGaAs.6-B The refractive index of p-or n-(AIGa)As can be estimated by shifting the index-vs-energy curves in the directions of higher energies by an amount equivalent to the increase in the energy gap of the material from that of p-or n-GaAs .15 Therefore, the index-ofrefraction curves given here coupled with those in Ref.
3 can serve as a basis for designing homojunction as well as heterojunction lasers.
Index-of-refraction changes due to doping concentrations were calculated and compared with those inferred from radiation pattern measurements for a structure similar to that shown in Fig. 3 
APPENDIX: NUMERICAL CALCULATION OF DISPERSION RELATION
The dispersion relation which is used for the calculation of the index of refraction is given by3
Es n 2 -k 2 -1 = (4/7T) f 0 n(E')E'k(E')(E,2 -E2)-1 dE' +~ Gj(E~ _ E2)-1.
(Al)
The approximate values for E j and G j' which refer to the high-energy reflectance data, are obtained from Ref. 3 . Equation (Al) is solved by successive approximation and for the first approximation
3 The result is then substituted in the integral in Eq. (Al) to find a second approximation and the procedure is repeated with convergence occurring in three interations. To remove the singularity at E' = E from the integrand in Eq. (Al), the term is added to and substracted from the right-hand side of Eq. (Al). A UNIVAC 1108 computer is used for the numerical evaluation of Eq. (Al).
